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S e c t i o n I
S u m m a r y  of P r o g r a m  for 
R e p o r t i n g  P e r i o d
P r o g r a m  O b j e c t i v e s
To d e v e l o p  p r a c t i c a l ,  l o w  cost, r e a l - t i m e  m e t h o d s  for 
s u p p r e s s i n g  n o i s e  w h i c h  h a s  b e e n  a c o u s t i c a l l y  a d d e d  to 
s p e e c h .
To d e m o n s t r a t e  t h a t  t h r o u g h  the i n c o r p o r a t i o n  of the 
n o i s e  s u p p r e s s i o n  m e t h o d s ,s p e e c h  c a n  be e f f e c t i v e l y  a n a l y s e d  
for n a r r o w  b a n d  d i g i t a l  t r a n s m i s s i o n  in p r a c t i c a l  o p e r a t i n g  
e n v i r o n m e n t s .
S u m m a r y  of T a s k s  and R e s u l t s  
I n t r o d u c t i o n
T h i s  s e m i - a n n u a l  t e c h n i c a l  r e p o r t  d e s c r i b e s  the c u r r e n t  
s t a t u s  in the r e s e a r c h  a r e a s  for the p e r i o d  1 A p r i l  1979^ 
t h r o u g h  30 S e p t e m b e r  1979.
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S U P P R E S S I O N  OF A C O U S T I C  N O I S E  IN S P E E C H  
U S I N G  T W O  M I C R O P H O N E  A D A P T I V E  N O I S E  C A N C E L L A T I O N
S t e v e n  F. Boll 
D e n n i s  P u l s i p h e r
A B S T R A C T
A c o u s t i c  n o i s e  w i t h  e n e r g y  g r e a t e r  or e q ual to the 
s p e e c h  is s u p p r e s s e d  b y  f i l t e r i n g  a s e p a r a t e l y  r e c o r d e d  
c o r r e l a t e d  n o i s e  si g n a l  and s u b t r a c t i n g  it from the s p e e c h  
w a v e f o r m .  T h i s  a p p r o a c h  was i n v e s t i g a t e d  to d e t e r m i n e  the 
d e g r e e  of n o i s e  s u p p r e s s i o n  p o s s i b l e  using an e x t e r n a l  
c o r r e l a t e d  input. T h e  s e c o n d  r e f e r e n c e  n o i s e  s i g n a l  is 
a d a p t i v e l y  f i l t e r e d  u sing the l e a s t  m e a n  s q u a r e s ,  LMS and 
the l a t t i c e  g r a d i e n t  a l g o r i t h m s .  T h e s e  two a p p r o a c h e s  are 
d e v e l o p e d  and c o m p a r e d  in t e r m s  o f  d e g r e e  of n o i s e  p o w e r  
r e d u c t i o n ,  a l g o r i t h m  c o n v e r g e n c e  time, and d e g r e e  of s p e e c h  
e n h a n c e m e n t .  B o t h  m e t h o d s  w e r e  s h o w n  to r e d u c e  a m b i e n t  
n o i s e  p o w e r  by at l e a s t  20dB w i t h  m i n i m a l  s p e e c h  d i s t o r t i o n  
and thus to be p o t e n t i a l l y  p o w e r f u l  as n o i s e  s u p p r e s s i o n  
p r e p r o c e s s o r s  for v o i c e  c o m m u n i c a t i o n  in s e v e r e  n o i s e  
etiv i r o n m e n t s .
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I .  INTRODUCTION
It has b e e n  s h o w n  t h a t  t h e r e  is a s i g n i f i c a n t  r e d u c t i o n
in m e a s u r e d  s p e e c h  i n t e l l i g i b i l i t y  and q u a l i t y  due to the
a m b i e n t  b a c k g r o u n d  n o i s e  g e n e r a t e d  in m a n y  o p e r a t i n g
e n v i r o n m e n t s  [1], [2]. A  n u m b e r  o f  s i n g l e  m i c r o p h o n e
a p p r o a c h e s  for r e d u c i n g  the b a c k g r o u n d  n o i s e  a d ded to s p e e c h
h a v e  b e e n  d e v e l o p e d  [3], [4]. T h e s e  m e t h o d s  b e c o m e
i n e f f e c t i v e  w h e n  the n o i s e  p o w e r  is equal to or g r e a t e r  t h a n
the si g n a l  power or w h e n  the n o i s e  c h a r a c t e r i s t i c s ,  e.g.
m e a n ,  v a r i a n c e  etc., c h a n g e  r a p i d l y  in time. T h i s  p a p e r
s t u d i e s  the p e r f o r m a n c e  of an a p p r o a c h  to n o i s e  s u p p r e s s i o n
in w h i c h  a s e c o n d  c o r r e l a t e d  n o i s e  s o u r c e  is r e c o r d e d  and
used to r e d u c e  the n o i s e  a d ded to the s p e e c h .  T h i s  se c o n d
n o i s e  s o u r c e  is a d a p t i v e l y  f i l t e r e d  to m i n i m i z e  t h e  o u t p u t
p o w e r  b e t w e e n  the two m i c r o p h o n e  s i g n a l s .  T h i s  a p p r o a c h
g e n e r a t e s  an o u t p u t  w h i c h  is the l e a s t  s q u a r e s  e s t i m a t e  of
the s p e e c h  w a v e f o r m .  Two a d a p t i v e  a l g o r i t h m s  used to f i l t e r
the c o r r e l a t e d  n o i s e  are i n v e s t i g a t e d ;  the LMS a p p r o a c h ,
[5], [6] and the l a t t i c e  g r a d i e n t  a p p r o a c h  [7], [8], [9].
B o t h  m e t h o d s  a p p r o x i m a t e  t h e  l e a s t  s q u a r e s ,  W i e n e r  s o l u t i o n .
Th e  LMS a l g o r i t h m  u s e s  the m e t h o d  of s t e e p e s t  d e s c e n t  and
a p p r o x i m a t e s  the e n s e m b l e  g r a d i e n t  w i t h  the i n s t a n t a n e o u s




m e t h o d  in an o r t h o g o n a l  b a s i s  g e n e r a t e d  by  t h e  l a t t i c e  
f i l t e r .
A s e v e r e l y  d e g r a d e d  n o i s y  s p e e c h  signal was r e c o r d e d  
for t e s t i n g  the p e r f o r m a n c e  of e a c h  m e t h o d .  The a m b i e n t  
e n e r g y  n o i s e  was a m p l i f i e d  to m a s k  t h e  r e c o r d e d  s p e e c h  
s i g n a l .  B o t h  a p p r o a c h e s  are c o m p a r e d  in t e r m s  of  d e g r e e  of 
n o i s e  power r e d u c t i o n ,  a l g o r i t h m  s e t t l i n g  time, d e g r e e  of 
s p e e c h  e n h a n c e m e n t ,  and c o m p u t a t i o n a l  c o m p l e x i t y .
T h e  p a p e r  is d i v i d e d  into s e c t i o n s  w h i c h  d e v e l o p  the 
two a d a p t i v e  l e a s t  s q u a r e s  e s t i m a t o r s ,  d e s c r i b e  the 
e x p e r i m e n t s  c o n d u c t e d ,  and d e m o n s t r a t e  the a l g o r i t h m  
p e r f o r m a n c e .
II. T W O  M I C R O P H O N E  S I G N A L  G E N E R A T I O N  M O D E L
The n o i s e  s u p p r e s s i o n  e x p e r i m e n t s  were b a s e d  o n  the 
m o d e l  s h own in F i g u r e  1. The p r i m a r y  s i g n a l  x(j) c o n s i s t s  
of the c o m m o n  n o i s e  s i g n a l  n(j) f i l t e r e d  t h r o u g h  a 
t r a n s m i s s i o n  c h a n n e l  G x (z) and added to the s p e e c h  s i g n a l  
s(j) p l u s  a n o t h e r  i n d e p e n d e n t  n o i s e  si g n a l  m ^ j ) .  The 
r e f e r e n c e  si g n a l  v(j) c o n s i s t s  o f  the c o m m o n  n o i s e  s i g n a l  
n(j) f i l t e r e d  t h r o u g h  a t r a n s m i s s i o n  c h a n n e l  G ^ (z), a d ded to
*
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a s e c o n d  i n d e p e n d e n t  n oise signal m 2 (j). The s i g n a l s  s(j), 
n (j), m i (j) an<  ^ m 2 (j) are a s s u m e d  i n d e p e n d e n t  o f  e a c h  o t h e r  
and Gj (z) and C2 (z) are a s s u m e d  c o n s t a n t  in time.
III. THE W I E N E R  S O L U T I O N  F O R  A C O U S T I C  N O I S E  S U P P R E S S I O N  
U S I N G  T W O  I N P U T S  
A g e n e r a l  f i l t e r i n g  m o del used to s u p p r e s s  the n o i s e  
c o m p o n e n t  in x(j) w h i c h  is c o r r e l a t e d  w i t h  v(j) is s h own in 
F i g u r e  2. As is d i s c u s s e d  in [5], m i n i m i z i n g  the o u t p u t  
power of e(j), m i n i m i z e s  the o u t p u t  n o i s e  power, and r e s u l t s  
in e(j) being the m i n i m u m  m e a n  s q u a r e  e s t i m a t e  of s(j).
The t a p  w e i g h t s  o f  the all zero filter W(z) are 
c o m p u t e d  to m i n i m i z e  the total e x p e c t e d  o u t p u t  po w e r .  Using 
the o r t h o g o n a l  p r o j e c t i o n  t h e o r e m  [10], E [ e 2 (j)] will be 
m i n i m i z e d  w h e n  . ■ t5‘
E [ e (j + k ) v (j )] = 0 for all k.
wh e r e
00
e ( j ) = x ( j )  - I w ( i ) v ( j - i )  
i=-°°
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T h i s  o r t h o g a n a l i t y  r e l a t i o n  r e s u l t s  in the W i e n e r - H o p f  
e quat i o n :
P a g e  7
i .
i I-oow R v v (k“i) - R x v (k) for all k
w h e r e
R (k) = E [ v ( j + k ) v  ( j )] v v
R (k) = E [v ( j+k) x ( j) ] x v
T h e  z t r a n s f o r m ,  W(z) of the W i e n e r  filter is g i v e n  by:
W  (z ) = p x v (z) 
p v v (2>
w h e r e
For the signal m o d e l  s h o w n  in F i g u r e  1, the W i e n e r  
filter r e d u c e s  to
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W  (z ) =
P (z)Gi(z) G 2 (z ) n n
P (z) + P (z) |G2 (z) | in 2 in 2 nn
w h e r e  P (z) and P (z) are the power s p e c t r a  of nn  m 2m 2
n(j) and m 2 (j ) r e s p e c t i v e l y .
The o u t p u t  p o w e r  s p e c t r u m  P (z) using the W i e n e ree
filter is g i v e n  by:
P ( z )  = P ( z )  + P m m  (z) + P (z) |Gi (z) e e  ss itij ir i n n 1 -
P n n (z) |Gz(z) 1 
PmA + , G 2 ( Z ) | 2 pn n (2)
Fr o m  the W i e n e r  filter e q u a t i o n ,  n o t e  th a t  if P m 2m 2 (z) 
is small c o m p a r e d  to P nn (z) |G2 (z) I 2 then
W( z) = G x (z)G 2~ 1 ( z)
T h i s  is e x a c t l y  the l i n e a r  s y s t e m  required to t r a n s f o r m  
v(j) into the c o r r e l a t e d  n o i s e  c o m p o n e n t  w h i c h  was added to 
s(j). Also u nder this c o n d i t i o n :
P (z) = P (z) + P (z)
ee ss n^rr^
T h u s  if the i n d e p e n d e n t  n o i s e  s o u r c e s  (j) and (j) are 
n e g l i g i b l e  w i t h  r e s p e c t  to the signal s(j), and the c o m m o n  
n o i s e  signal n(j), the o u t p u t  signal e(j) wi l l  m a t c h  to s (j ) 
in the m e a n  s q u a r e d  sense.
IV. M A T R I X  F O R M  OF W I E N E R - H O P F  E Q U A T I O N  A N D  T H E  G R A D I E N T
V E C T O R
D e f i n e  the r e f e r e n c e  signal v e c t o r  V (j ) as
V  (j ) = [v(j-l) v ( j-2 ) .. .v ( j-N) ]T 
and the filter w e i g h t  v e c t o r  as




e(j) = x(j-l) - WT V (j ) = x ( j - l ) - V T (j)W 
The m e a n  s q u a r e  e r ror is g i v e n  by:
T T5 = E [ e2 ( j ) ] = E [ x 2 ( j-1 ) ] - 2P W  + W  RW
w h e r e
The n o i se  c a n c e l l e d  out put  e ( j )  is g i v e n  in v e c t o r  form as :
( x ( j - l)V(j)} = E
x ( j - 1 ) v ( j - 1 )  
x (j- 1 ) v (j- 2 )
x(j-l) v(j-N)
{ V ( j ) V T (j)}
v 2 (j-1) 
v ( j - 2 ) v ( j - 1 )
v ( j - N ) v ( j - 1 )
v ( j - 1 ) v ( j - 2 )  
v 2 (j-2)
v  (j-N) v  (j-2)
. v  (j-1) v  (j-N) 
v  (j-2) v  (j-N)
. v  (j-N)
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The o p t i m a l  w e i g h t  v e c t o r ,  W  o r t h o g o n a l i z e s  the error, 
e (j ) w i t h  r e s p e c t  to the r e f e r e n c e  signal v e c t o r  V(j), th u s  
the o p t i m a t e  e s t i m a t e  of W  s a t i s f i e s :
then
or
E [V ( j ) e ( j ) ] = 0
W *  E [V ( j ) V T ( j ) ] = E [x ( j - 1 ) V ( j) 1
* -1 W  = R P
T he o p t i m a l  w e i g h t  v e c t o r  c a n  also be d e r i v e d  by f i r s t  
c a l c u l a t i n g  the g r a d i e n t  o f  the m e a n  s q u a r e  e rror s u r f a c e  
and using the v a l u e  w h i c h  f o r c e s  it to zero. T h u s  d e f i n e :
V = J w  = " 2P + 2RW
then V = 0 when W  = R- 1P
The m i n i m u m  m e a n  s q u a r e  e r r o r  is g i v e n  by:
£ = E [x2 ( j-1 ) ] - F ^ W  
m i n
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The mean squared error £ can also be expressed as:
W h e r e  & W  = W-W*
T a k i n g  the g r a d i e n t  V o f  £ w i t h  r e s p e c t  to W  g i v e s  
an a l t e r n a t i v e  e x p r e s s i o n  for V as
V = 2R A W
V. I T E R A T I V E  M E T H O D S  FOR E S T I M A T I N G  T H E  O P T I M A L  W E I G H T  
V E C T O R
A. M e t h o d  of S t e e p e s t  D e c e n t  [5] , [ 6 ]
Let W(j) d e n o t e  an e s t i m a t e  of the o p t i m a l  w e i g h t  
vector at t i m e  index j. The g r a d i e n t  V (j) e v a l u a t e d  at 
W( j) p o i n t s  in the d i r e c t i o n  of g r e a t e s t  ra t e  of i n c r e a s e  in 
£ . In the m e t h o d  of s t e e p e s t  d e s c e n t  a n e w  e s t i m a t e  of 
W(j) e q u a l s  the old e s t i m a t e  plus a term p r o p o r t i o n a l  to the 
n e g a t i v e  of the g r a d i e n t .
Thus
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W( j + 1) = W( j) + y (- V (j) )
w h e r e  y is a p o s i t i v e  c o n s t a n t  c a l l e d  the s t e p  size. 
S u b t r a c t i n g  W* from b o t h  s i d e s  g i v e s
A W(j+1) = (I-yR) A W (j)
AW(j) = (I-yR)'3 A W  (0 )
By d iagonal i zi ng R u s i n g  the e i g e n v e c t o r  d e c o m p o s i t i o n
[6] it is s h o w n  th a t  for c o n v e r g e n c e  it is n e c e s s a r y  that:
X  > U >°max
and that the c o n v e r g e n c e  rate t i m e  c o n s t a n t  for the pth t a p  
w e i g h t  is g i v e n  by
_  _ 1
TP '  2uAp
where i s  the pth e i g e n v a l u e  of  R.
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B . N e w t o n ' s  M e t h o d
In t h e  s c a l a r  ca s e  the root o f  a f u n c t i o n  f (x ) is 
i t e r a t i v e l y  e s t i m a t e d  a c c o r d i n g  to the rule:
... , . , v f (x (j - 1 ) ) x ( 3 ) = x(n-l) - ----- J------
£' (x (j - 1 ) )
In n o i s e  c a n c e l l a t i o n ,  the w e i g h t  v e c t o r  is u p d a t e d  to 
force the g r a d i e n t  to zero. T h u s  the g r a d i e n t  has the role 
of the f u n c t i o n  f. The d e r i v a t i v e  of g r a d i e n t  is g i v e n  by:
”  - 2R3w
The we ig ht  v e c t o r  is  updated  as :
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W(j + 1) = W(j) - R ~ 1V (j )
S u b s t i t u t i n g  for the g r a d i e n t  gives:
or
W ( j + 1 ) = W ( j ) - R~1 ( - 2 P + 2 R W ( j ) )
W(j+1) = R *P = W*
T h u s  N e w t o n ' s  m e t h o d  c o n v e r g e s  in one i t e r a t i o n .  This 
a p p r o a c h  is also r e ferred to as the fast s t a r t - u p  e q u a l i z e r  
[8 ], [ 1 1 ].
VI. I T E R A T I V E  S O L U T I O N S  B A S E D  ON A P P R O X I M A T I O N S  TO T H E  
E N S E M B L E  A V E R A G E S
A . The LMS Algorithm [5 ], [ 6 ]
In the LMS A l g o r i t h m  the m e t h o d  of  s t e e p e s t  d e s c e n t  is 
used w i t h  the e n s e m b l e  g r a d i e n t  a p p r o x i m a t e d  b y  the 
i n s t a n t a n e o u s  g r a d i e n t  g i v e n  by:
V (j ) = = - 2 e  (j ) V  (j )
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W( j + 1 ) = W(j) + 2y e (j )V  ( j )
It c a n  s h o w n  [5], [6] that the e x p e c t e d  v a l u e  of the 
LMS w e i g h t  v e c t o r  c o n v e r g e s  to the W i e n e r  s o l u t i o n .  Using 
the i n s t a n t a n e o u s  g r a d i e n t  i n t r o d u c e s  an e r r o r  called 
g r a d i e n t  noise w h i c h  r e s u l t s  in an e x c e s s  m e a n  s q u ared error 
over that o b t a i n a b l e  w i t h  the W i e n e r  s o l u t i o n .  A f i g u r e  of 
m e r i t  for the e s t i m a t i o n  p r o c e s s  is d e f i n e d  as 
m i s a d j u s t m e n t . It is equal to the a v e r a g e  e x c e s s  m e a n  
s q u a r e d  e r ror d i v i d e d  by t h e  m i n i m u m  m e a n  s q u ared error. It 
can be s hown [6] that m i s a d j u s t m e n t  is equal to:
1 N  i
M = j 1 7  =  y t r R # t r  e q u a l s  t r a c e  
i = l  i
As is d i s c u s s e d  in the s e c t i o n  of r e s u l t s ,  
m isad j u s t m e n t  is an i m p o r t a n t  d e s i g n  factor in n o i s e  
s u p p r e s s i o n  s i n c e  l a r g e  m i s a d j u s t m e n t  m a n i f e s t  itself as a 
p r o n o u n c e d  echo in the s p e e c h  w a v e f o r m .  The echo is r e m o v e d  
by re d u c i n g  the s t e p  size, and thus the m i s a d j u s t m e n t . This 
r e d u c t i o n  of c o u r s e  c o n f l i c t s  w i t h  the r e q u i r e m e n t  of q u i c k
The LMS algorithm is g iven  as :
s e t t l i n g  ti m e  for the a l g o r i t h m  w h i c h  c a n  be s h o r t e n e d  by 
ha v i n g  a l a r g e  s t e p  size. The t r a d e - o f f  b e t w e e n  
m i s a d j u s t m e n t  and s e t t l i n g  t i m e  are d i s c u s s e d  in the r e s u l t s  
s ection.
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B . A p p r o x i m a t e  N e w t o n 's M e t h o d
N e w t o n ' s  m e t h o d  c a n  be a p p r o x i m a t e d  just as the 
s t e e p e s t  d e s c e n t  m e t h o d  by r e p l a c i n g  the e n s e m b l e  g r a d i e n t  
with the i n s t a n t a n e o u s  g r a d i e n t .  The N e w t o n ' s  m e t h o d  
a p p r o x i m a t i o n  w o u l d  th e n  be:
W ( j + 1 ) = W(j) + a R“ 1 e  ( j ) V ( j ) 
w h e r e  a is the n o r m a l i z e d  s t e p  size.
I g n o r i n g  for the m o m e n t  h o w  t h e  a u t o c o r r e l a t i o n  m a t r i x ,  
R w o uld be c a l c u l a t e d  and inver t e d ,  t h i s  a p p r o a c h  o f f e r s  
c e r t a i n  a d v a n t a g e s  o v e r  the m e t h o d  of s t e e p e s t  d e s c e n t .
T he c o n v e r g e n c e  p r o p e r t i e s  o f  this a p p r o a c h  c a n  be 
e s t i m a t e d  using the sa m e  a p p r o a c h  as w i t h  the m e t h o d  of 
s t e e p e s t  d e s c e n t .  S p e c i f i c a l l y  r e p l a c i n g  the n o i s y  g r a d i e n t  
w i t h  the true g r a d i e n t  and s u b t r a c t i n g  the o p t i m a l  w e i g h t  
v e c t o r  from bo t h  s i d e s  o f  the a b o v e  e x p r e s s i o n  giv e s :
A W (j +1) = (1-a) A W (j )
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Thus for c o n v e r g e n c e  it is n e c e s s a r y  that:
2 > a > 0
The a d a p t a t i o n  t i m e  c o n s t a n t  w o u l d  be the sa m e  for e a c h  
tap w e i g h t  and be a p p r o p r i a t e l y  e q u a l  to:
- I
Using a d i a g o n a l i z a t i o n  a n a l y s i s  s i m i l a r  to that used 
for the LMS a l g o r i t h m ,  the m i s a d j u s t m e n t  d u e  to g r a d i e n t  
n o i s e  can be s h o w n  to be a p p r o x i m a t e l y  e q u a l  to:
2 -o
This a p p r o a c h  to t a p  w e i g h t  e s t i m a t i o n  has the 
a d v a n t a g e  ov e r  LMS th a t  all t a p  w e i g h t s  h a v e  e s s e n t i a l l y  the 
s a m e  a d a p t a t i o n  t i m e  c o n s t a n t ,  but the d i s a d v a n t a g e  that the 
g r a d i e n t  e s t i m a t e  m u s t  b e  m u l t i p l i e d  b y  t h e  i n v e r s e  of R at
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The n e x t  s e c t i o n s  d i s c u s s e s  h o w  t h e  t a p  w e i g h t s  c a n  be 
e s t i m a t e d  using an o r t h o g o n a l  b a s i s  w h i c h  has an 
a u t o - c o r r e l a t i o n  m a t r i x  that is d i a g o n a l .  W i t h  this 
d i a g o n a l i z a t i o n  the n u m b e r  of o p e r a t i o n s  per u p d a t e  is 
linear w i t h  r e s p e c t  to the n u m b e r  of t a p  w e i g h t s .
C . O r t h o g a n a 1 i z a t i o n  Using the La tt ice St rue ture
[7] , [8] , [9]
To g e n e r a t e  an o r t h o g o n a l  b a s i s  for e s t i m a t i n g  the t a p  
w e i g h t s  r e q u i r e s  a t r a n s f o r m a t i o n  to m a p  the r e f e r e n c e  
s i g n a l  {v(j-m)} into an o r t h o g ® n a l  signal { ( j ) } where:
E - V i n k
The l a t t i c e  s t r u c t u r e  p r o v i d e s  this t r a n s f o r m a t i o n .
The m a t h e m a t i c s  d e s c r i b i n g  this o r t h o g o n a l  i za t i o n  for
s t a t i o n a r y  r e f e r e n c e  s i g n a l s  is well d e v e l o p e d  in the t h e o r y
of linear p r e d i c t i o n  of s p e e c h  [12], [13]. The {g (j)}m
b a s i s  ca l l e d  the b a c k w a r d  p r e d i c t i o n  e r r o r  can be g e n e r a t e d  
r e c u r s i v e l y  using the l a t t i c e  f i l t e r  s t r u c t u r e :
9 m (3+ 1 )  = km£m - l ( 3> + 
fm ( 3 '  -  fm - l ( 3> + W l « '
m ™ ••• f N
each it e r at io n .
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wh e r e :
_ fo ( j) = v( j)
gQ (j) = v(j-i)
The s e q u e n c e  {f (j)} is c a l l e d  the f o r w a r d  p r e d i c t i o n  e r r o r
m
and the s e q u e n c e  { k^} are k n own as e i t h e r  k - p a r a m e t e r s ,
r e f l e c t i o n  c o e f f i c i e n t s  or P A R C O R  p a r a m e t e r s .  It c a n  be
s h o w n  that if k is e s t i m a t e d  to m i n i m i z e  the f o r w a r dm
p r e d i c t i o n  e n e r g y  ct(m) at s t a g e  m , where:
ot (m) = E^f*(j)]
then the b a c k w a r d  p r e d i c t i o n  s e q u e n c e  will be o r t h o g o n a l :
E (gm (j)gk (j)) = 6k6mk
wh e r e :
To g e n e r a t e  the o r t h o g o n a l  b a s i s  n e e d e d  to e s t i m a t e  the 
W i e n e r  n o i s e  c a n c e l l i n g  filter w i t h  N e w t o n ' s  M e t h o d ,  the 
k - p a r a m e t e r s  m u s t  f i r s t  be e s t i m a t e d  to m i n i m i z e  the f o r ward 
p r e d i c t i o n  e r ror energy. T h e s e  k - p a r a m e t e r s  c a n  th e n  be 
used to g e n e r a t e  the b a c k w a r d  p r e d i c t i o n  s e q u e n c e  using the 
l a t t i c e  s t r u c t u r e .  S i nce e s t i m a t i n g  the k - p a r a m e t e r s  is 
just a n o t h e r  least s q u a r e s  p r o b l e m ,  N e w t o n ' s  m e t h o d  is used 
h e r e  too.
The d e r i v a t i v e  of the f o r w a r d  p r e d i c t i o n  e n e r g y  is 
g i v e n  by, (i . e . t h e  i n s t a n t a n e o u s  g r a d i e n t  in o r t h o g o n a l  
b a s i s ) : ■
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D. Adaptive Lattice  Algorithm [7 ] ,  [ 8 ] ,  [9]
The a d a p t i v e  l a t t i c e  a l g o r i t h m  is th e n  d e f i n e d  as:
km (S+ 1 > - ---- g
m - 1  J
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3 (j + 1) = (1-a) 3 (j ) + a g ^  (j ) m m m
a is the n o r m a l i z e d  s t e p  size. It is d e t e r m i n e d  by 
the d e g r e e  of r e l a t i v e  m i s a d j u s t m e n t  d e s i r e d .  The s i g n a l s  
f (j) and gm  (j) are g e n e r a t e d  from the l a t t i c e  filter. 
The v e c t o r  Bm  (j) r e p r e s e n t s  a s i n g l e  po l e  f i l t e r e d  e s t i m a t e  
of the a v e r a g e  b a c k w a r d  p r e d i c t i o n  e r r o r  e n e rgy:
^ ( j )  = E{ g* <j ) }
D i v i d i n g  by $m  (j ) the o r t h o g o n a l  b a sis
- 1 . e q u i v a l e n t  to m u l t i p l y i n g  b y  R in the {v(m-j)} 





in s t e a d y
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E.  A d a p t i v e  No i s e  F i 1 ter in O r t ho ga n a l  Coord i n at es
D e f i n e  H as the N x 1 n o i s e  filter v e c t o r  to be
e s t i m a t e d  in the {g (j)} basis. The o u t p u t  error at the m t hm
s t a g e  is g i v e n  by:
s (j) = s {j ) — h_ (j)g_ (j)
where: s Q (j) = x(j-l)
T a k i n g  the d e r i v a t i v e  of the p r e d i c t i o n  e r ror g i v e s  the 
e x p r e s s i o n  for the i n s t a n t a n e o u s  g r a d i e n t  at the m t h  stage:
asm <j)
THT------m
The a d a p t i v e  a l g o r i t h m  is t h e n  d e f i n e d  as;
OS ( j ) g  , ( j )
hm (j + i )  = h m ( : )  + m “ (j1 , >  - 1 . 2 , . . .  N
The a d a p t i v e  filter e s t i m a t e  of the s p e e c h  w a v e f o r m  is 
equal to sN (j ) .
F i g u r e  3 s h o w s  the c o m p o s i t e  a d a p t i v e  n o i s e  c a n c e l l i n g  
l a t t i c e  fi l t e r  a l g o r i t h m .
VII. E X P E R I M E N T S  A N D  R E S U L T S  
A. I n t r o d u c t i o n
A  c o n t r o l l e d  d a t a  b a s e  was g e n e r a t e d  and a s e r i e s  of 
e x p e r i m e n t s  w e r e  c o n d u c t e d  to d e t e r m i n e  the p e r f o r m a n c e  of 
the two a d a p t i v e  e s t i m a t i o n  m e t h o d s  for r e m o v i n g  n o i s e  from 
s p e e c h .  A  two i n p u t  s i g n a l  d a t a  b a s e  w a s  r e c o r d e d  w i t h  a 
h i g h  d e g r e e  of c o n t r o l  o v e r  c r i t i c a l  e n v i r o n m e n t  f a c t o r s .  
T h e  e x p e c t e d  p e r f o r m a n c e  of the a l g o r i t h m  was t h e n  p r e d i c t e d  
u s i n g  a d i g i t a l  s i m u l a t i o n  of the a c o u s t i c  e n v i r o n m e n t .  The 
p e r f o r m a n c e  of the LMS a n d  a d a p t i v e  l a t t i c e  m e t h o d s  w e r e  
m e a s u r e d  in t e r m s  of d e g r e e  of n o i s e  p o w e r  r e d u c t i o n ,  
a l g o r i t h m  s e t t l i n g  t i m e  and a m o u n t  of e c h o  p r e s e n t .  T h e s e  
r e s u l t s  are s u m m a r i z e d  as w e l l  as the a d v a n t a g e s  and 
l i m i t a t i o n s  o f  e a c h  a p p r o a c h .  .
♦
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B. Data Base Generation
W h e n  the n o i s e  a d d e d  to the s p e e c h  at the p r i m a r y  i n p u t  
d i f f e r s  fr o m  the n o i s e  at the r e f e r e n c e  i n put b y  a s i n g l e  
l i n e a r  s t a t i o n a r y  s y s t e m ,  Gi (z) the a d a p t i v e  f i l t e r  wi l l  
c o n v e r g e  to this l i n e a r  s y s t e m  and c o m p l e t e  n o i s e  
c a n c e l l a t i o n  r e s u l t s  [14]. R e f e r r i n g  b a c k  to the W i e n e r  
s o l u t i o n  d e v e l o p m e n t  g i v e n  in S e c t i o n  III, t h i s  type of 
e x p e r i m e n t  w o u l d  c o r r e s p o n d  to a s i t u a t i o n  w h e r e  the a d d e d  
i n d e p e n d e n t  n o i s e  s o u r c e s ,  m x (j) and m 2 (j) are a b s e n t ,  and 
G 2 (z) = 1. S i n c e  the i n t e n t  of this p a p e r  is to i n v e s t i g a t e  
the d e g r e e  of n o i s e  s u p p r e s s i o n  p o s s i b l e  using an e x t e r n a l  
c o r r e l a t e d  input, it was d e c i d e d  to c o n s t r u c t  a r e c o r d i n g  
e n v i r o n m e n t  as c l o s e  as p o s s i b l e  to a b o v e  ideal s i t u a t i o n .
An a c o u s t i c a l l y  s h i e l d e d  h a r d - w a l l e d  room h a v i n g  an 
a m b i e n t  n o i s e  level o f  a p p r o x i m a t e l y  26 d B  SPL w a s  used for 
r e c o r d i n g  the s i g n a l s .  The room c o n t a i n s  a u d i o  r e c o r d i n g  
a n d  p l a y b a c k  e q u i p m e n t ,  a c o m p u t e r  t e r m i n a l ,  and c o n n e c t i o n s  
to the s t e r e o  a n a l o g  to d i g i t a l  and d i g i t a l  to a n a l o g  
c o n v e r t e r s .  The a c o u s t i c  s h i e l d i n g  p r e v e n t e d  i n d e p e n d e n t  
n o i s e  (modeled as m x (j) and m 2 (j ) ) from i n t e r f e r i n g  in the 




A  s t a t i o n a r y  w h i t e  n o i s e  s o u r c e  was r e c o r d e d  from an 
a n a l o g  n o i s e  g e n e r a t o r  on t o  a u d i o  tape. The a c o u s t i c  n o i s e  
was g e n e r a t e d  by p l a y i n g  the a u d i o  tape out t h r o u g h  a loud 
s p e a k e r  into the room. The r e f e r e n c e  s i g n a l  m i c r o p h o n e  was 
p l a c e d  ne x t  to the s p e a k e r ,  w h i l e  t h e  p r i m a r y  m i c r o p h o n e  was 
p l a c e d  t w e l v e  feet a w a y  n e x t  to the c o n t r o l  t e r m i n a l .  The 
s p e a k e r  s p o k e  into the p r i m a r y  m i c r o p h o n e  w h i l e  c o n t r o l l i n g  
the s t e r e o  r e c o r d i n g  p r o g r a m .  The n o i s e  p o w e r  was a d j u s t e d  
to su c h  a l e v e l  that the r e c o r d e d  s p e e c h  w a s  c o m p l e t e l y  
m a s k e d .  The s i g n a l s  w e r e  f i l t e r e d  at 3.2kHz, s a m p l e d  at 
6 . 6 7 k H z ,  and q u a n t i z e d  to f i f t e e n  bits. R e c o r d i n g s  w e r e  
m a d e  w i t h  and w i t h o u t  s p e e c h  p r e s e n t ,  e a c h  l a s t i n g  2 3 . 4  sec.
C . Dig ital S i m u l a t i o n
B e f o r e  p r o c e s s i n g  the a c o u s t i c a l l y  r e c o r d e d  da t a  
d e s c r i b e d  above, a d i g i t a l ,  n o n a c o u s t i c ,  s i m u l a t i o n  was 
c o n d u c t e d .  Two e s t i m a t e s  o f  the r o o m s  i m p u l s e  r e s p o n s e  we r e  
a v a i l a b l e  from a p r e v i o u s  e x p e r i m e n t  [15]. In this 
e x p e r i m e n t  e a c h  i m p u l s e  r e s p o n s e  was e s t i m a t e d  e m p i r i c a l l y  
b y  p l a y i n g  an e l e c t r i c a l  p u l s e  t h r o u g h  t h e  loud s p e a k e r .  
The a c o u s t i c  r e s p o n s e  of th i s  p u l s e  was t h e n  r e c o r d e d  b y  two 




m i c r o p h o n e  s i g n a l s  w e r e  d i g i t i z e d  and stored on d i sk. E a c h  
of t h e  m e a s u r e d  room i m p u l s e  r e s p o n s e s  was d i g i t a l l y  
c o n v o l v e d  w i t h  the d i g i t i z e d  w h i t e  n o i s e  s o u r c e  to form the 
p r i m a r y  a n d  r e f e r e n c e  inputs. W h e n  t h e s e  s i g n a l s  w e r e  
p r o c e s s e d  t h r o u g h  the LMS a l g o r i t h m  h a v i n g  a s t e p  si z e  
c o r r e s p o n d i n g  to a m i s a d j u s t m e n t  s e t t i n g  of 1%, u s i n g  3 0 0 0  
tap w e i g h t s ,  t h e  n o i s e  p o w e r  at the o u t p u t  was r e d u c e d  b y  
1 2 d B  a f t e r  2 3 . 4  s e c o n d s .
The e x p e r i m e n t  p o i n t s  o u t  s o m e  of  the p r o b l e m s  to 
c o n t e n d  w i t h  in using the two m i c r o p h o n e  a p p r o a c h  for n o i s e  
s u p p r e s s i o n .  F i r s t  s i n c e  G2 (z) is n o t  an i d e n t i t y ,  the 
o p t i m a l  f i l t e r  m u s t  a p p r o x i m a t e  G x ( z ) / G 2 (z). A long 
a l l - z e r o  f i l t e r  is r e q u i r e d  to a p p r o x i m a t e  t h e  p o l e s  i n d u c e d  
b y  Q~2 ( z ) . A s e r i e s  of  e x p e r i m e n t s  [16] m e a s u r i n g  n o i s e  
p o w e r  r e d u c t i o n  v e r s e s  f i l t e r  l e n g t h  s h o w e d  that 30 0 0  t a p  
w e i g h t s  w i t h  a 1% m i s a d j u s t m e n t  s e t t i n g  r e s u l t e d  in 12 dB 
n o i s e  r e d u c t i o n  a f t e r  2 3 . 4  s e c o n d s .  W h e n  o n l y  1000 t a p  
w e i g h t s  w e r e  used t h e  n o i s e  p o w e r  w a s  r e d u c e d  b y  6 dB and 
w h e n  500 t a p  w e i g h t s  w e r e  us e d  t h e  n o i s e  p o w e r  w a s  r e d u c e d  
b y  o n l y  4 dB. Long f i l t e r  l e n g t h s ,  i n - t u r n ,  i n d u c e  m o r e  
e x c e s s  m e a n  s q u a r e d  e r r o r  and i n c r e a s e  m i s a d j u s t m e n t . The 
i n c r e a s e d  m i s a d j u s t m e n t  c a n  be m i n i m i z e d  b y  d e c r e a s i n g  the 
s t e p  size, b u t  at the e x p e n s e  of i n c r e a s i n g  the a l g o r i t h m ' s
*
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The s e c o n d  p r o b l e m  c o n c e r n s  the n o n - c a u s a l i t y  o f  the 
e s t i m a t e d  filter. T h e r e  is no g u a r a n t e e  t h a t  G 2 (z) w i l l  be 
m i n i m u m  p hase and th u s  a s t a b l e  e s t i m a t e  o f  G 1 ( z )/G2 (z) 
m a y  be n o n - c a u s a l . N o n - c a u s a l  a d a p t i v e  f i l t e r  e s t i m a t e s  are 
e a s i l y  g e n e r a t e d  by  p l a c i n g  a d e l a y  into the p r i m a r y  c h a n n e l  
[5]. H o w e v e r  m o r e  t a p  w e i g h t s  are t h e n  r e q u i r e d  w i t h  the 
a c c o m p a n y i n g  m i s a d j u s t m e n t  p r o b l e m s  d e s c r i b e d  above. A l s o ,  
the a m o u n t  o f  d e l a y  d e p e n d s  o n  t h e  m i c r o p h o n e  p l a c e m e n t  w i t h  
r e s p e c t  to the n o i s e  s o u rce. In the d i g i t a l  s i m u l a t i o n  
e x p e r i m e n t  b o t h  m i c r o p h o n e s  w e r e  p l a c e d  a p p r o x i m a t e l y  e i g h t  
feet from the l o u d s p e a k e r .  The e s t i m a t e d  a d a p t i v e  f i l t e r  
i m p u l s e  r e s p o n s e  t h e n  r e q u i r e d  a d e l a y  o f  1500 p o i n t s .  To 
m i n i m i z e  this n o n - c a u s a l  d e l a y  r e q u i r e m e n t  for the a c o u s t i c  
e x p e r i m e n t ,  t h e  r e f e r e n c e  m i c r o p h o n e  w a s  m o v e d  ne x t  to the 
l o u d s p e a k e r .  As is s e e n  in the s e c t i o n  on r e s u l t s ,  p l a c i n g  
the r e f e r e n c e  m i c r o p h o n e  c l o s e  to the n o i s e  s o u r c e  r e m o v e d  
the n o n - c a s u a l  f i l t e r  e f f e c t s .
T h i s  s i m u l a t i o n  p r e d i c t e d  the p o t e n t i a l  p e r f o r m a n c e  
a c h i e v a b l e .  In fact c o n s i d e r a b l y  b e t t e r  p e r f o r m a n c e  was 
m e a s u r e d  in the a c t u a l  a c o u s t i c  e x p e r i m e n t s  d e s c r i b e d  be l o w .
\ : ■ '
s e t t l in g  time.
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D. Results  Using the LMS Algorithm on the Acoustic  Data
T h e  a l g o r i t h m ' s  p e r f o r m a n c e  is m e a s u r e d  in t e r m s  o f  the 
d e g r e e  of s t e a d y - s t a t e  n o i s e  p o w e r  r e d u c t i o n  d u r i n g  
n o n - s p e e c h  a c t i v i t y ,  the t i m e  it t a k e s  to r e a c h  this s t e a d y  
s t a t e  value, ( a l g o r i t h m  s e t t l i n g  time), and the a m o u n t  of 
echo i n d u c e d  w h e n  s p e e c h  is p r e s e n t .  The f i r s t  two f a c t o r s  
w e r e  m e a s u r e d  q u a n t i t a t i v e l y  w h i l e  t h e  t h i r d  factor was 
d e t e r m i n e d  from l i s t e n i n g  tests.
A l g o r i t h m  s e t t l i n g  time can be m i n i m i z e d  b y  c h o o s i n g  a 
l a r g e  s t e p  size v a l u e .  T h i s  h o w e v e r  w i l l  i n c r e a s e  the e c h o  
p r e s e n t  in the s p e e c h  o u t p u t  due to the fact th a t  the o u t p u t  
is fed b a c k  w h e n  e s t i m a t i n g  the t a p  w e i g h t s .  A l a r g e  e c h o  
is u n a c c e p t a b l e  in the n o i s e  s u p p r e s s i o n  a l g o r i t h m .  T h r e e  
e x p e r i m e n t s  w e r e  c o n d u c t e d  to m e a s u r e  a l g o r i t h m  s e t t l i n g  
time. The e x p e r i m e n t s  d i f f e r e d  b y  t h e  a m o u n t  o f  
m i s a d j u s t m e n t  s p e c i f i e d .
S t e p  s i z e s  w e r e  used c o r r e s p o n d i n g  to m i s a d j u s t m e n t s  o f
1%, 5%, and 10%. B a sed on t h e  s i m u l a t i o n  e x p e r i m e n t ,
f i f t e e n  h u n d r e d  tap w e i g h t s  we r e  used for e s t i m a t i n g  the
n o i s e  f i l ter. The r e s u l t s  o f  s t e a d y - s t a t e  n o i s e  r e d u c t i o n
for the LMS a l g o r i t h m  are s h o w n  in F i g u r e  4. The r e s u l t s




p o w e r  r e d u c t i o n  of - 2 0 d b  in a p p r o x i m a t e l y  15 s e c o n d s  for 10% 
m i s a d j u s t m e n t  and 21 s e c o n d s  for 5% m i s a d j u s t m e n t . At 1% 
m i s a d j u s t m e n t  the s t e p  size was so s m a l l  that the n o i s e  
power was r e d u c e d  b y  o n l y  - l O d B  b e f o r e  t h e  d a t a  ran out.
In l i s t e n i n g  to the o u t p u t  d u r i n g  s p e e c h  a c t i v i t y  it 
was j u d g e d  that at a 10% m i s a d j u s t m e n t  s e t t i n g  an 
u n a c c e p t a b l e  a m o u n t  o f  e c h o  w a s  p r e s e n t  and that a 5% 
s e t t i n g  the echo was j u s t  n o t i c e a b l e .  For e a c h  
m i s a d j u s t m e n t  s e t t i n g  t h ere was s i g n i f i c a n t  n o i s e  
s u p p r e s s i o n  and c o r r e s p o n d i n g  s p e e c h  e n h a n c e m e n t .  At the 1% 
m i s a d j u s t m e n t  s e t t i n g  the o u t p u t  had a n o i s e  f loor w h i c h  was 
l O d B  h i g h e r  t h a n  the 5% and 10% m i s a d j u s t m e n t  o u t p u t s  d u e  to 
s l o w  s e t t l i n g  time. To i l l u s t r a t e  th i s  n o i s e  s u p p r e s s i o n  
c a p a b i l i t y ,  i s o m e t r i c  p l o t s  o f  t i m e  v e r s u s  f r e q u e n c y  
m a g n i t u d e  s p e c t r a  of s p e e c h  w i t h  and w i t h o u t  n o i s e  
s u p p r e s s i o n  a r e  s h o w n  in f i g u r e s  5 and 6. The p l o t s  w e r e  
c o n s t r u c t e d  b y  c o m p u t i n g  m a g n i t u d e  s p e c t r a  from 64 h a l f  
o v e r l a p p e d  h a n n i n g  w i n d o w e d  data sets. E a c h  l i n e  r e p r e s e n t s  
a 1 2 8 - p o i n t  f r e q u e n c y  a n a l y s i s .  T i m e  i n c r e a s e s  from b o t t o m  
to t o p  a n d  f r e q u e n c y  f r o m  le f t  to right. F i g u r e  5 
c o r r e s p o n d s  . to the u n p r o c e s s e d  s p e e c h  s i g n a l  "T h e  pipe b e g a n  
to". F i g u r e  6 c o r r e s p o n d s  to the p r o c e s s e d  s p e e c h  si g n a l  
us ing a 5% m i s a d j u s t m e n t  s t e p  size. T h i s  p h r a s e  o c c u r s  17.5
*
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s e c o n d s  a f t e r  s t a r t u p .  F i n a l l y  F i g u r e  7 s h o w s  the n o i s e  
s h a p i n g  f i l ter, W, e s t i m a t e d  b y  t h e  LMS a l g o r i t h m  a f t e r  
p r o c e s s i n g  23 . 4  s e c o n d s  o f  n o i s e  o n l y  s i g n a l .
E. R e s u l t s  Using the A d a p t i v e  L a t t i c e  A l g o r i t h m
A  s i m i l a r  set o f  e x p e r i m e n t s  w e r e  m a d e  to m e a s u r e  
a l g o r i t h m  s e t t l i n g  t i m e  and a m o u n t  o f  e c h o  p r e s e n t  for t h r e e  
r e p r e s e n t a t i v e  m i s a d j u s t m e n t  s t e p  sizes. In s e c t i o n  IV. an 
a p p r o x i m a t e  e x p r e s s i o n  for m i s a d j u s t m e n t  was g i v e n  as:
S t e p  sizes, a , c o r r e s p o n d i n g  to m i s a d j u s t m e n t s  o f  10%, 3.3% 
and 1% w e r e  used. The c o n v e r g e n c e  c h a r a c t e r i s t i c s  for the 
a l g o r i t h m  a r e  s h o w n  in f i g u r e  8.
In l i s t e n i n g  to the o u t p u t  d u r i n g  s p e e c h  a c t i v i t y  it
w as j u d g e d  th a t  at the 10% m i s a d j u s t m e n t  s e t t i n g  the a m o u n t
o f  e c h o  p r e s e n t  was u n a c c e p t a b l e  ( a c t u a l l y  w o r s e  t h a n  the
10% c a s e  for LMS), t h a t  at 3.3% the ec h o  was j u s t  n o t i c e a b l e
(judged equal to the 5% case for LMS) and that at 1% t h e r e




i r r e l e v a n t .
For the 10% and 3. 3 %  m i s a d j u s t m e n t  s e t t i n g s  t h e r e  was 
s i g n i f i c a n t  n o i s e  s u p p r e s s i o n  d u r i n g  s p e e c h  a c t i v i t y .  
F i g u r e  9 s h o w s  the t i m e  v e r s e s  f r e q u e n c y  m a g n i t u d e  s p e c t r u m  
of the o u t p u t  o f  a d a p t i v e  l a t t i c e  a l g o r i t h m  at the 3 . 3 %  
m i s a d j u s t m e n t  s e t t i n g s  for t h e  s a m e  s p e e c h  p h r a s e .
T h e r e  are four sets o f  f i l t e r  p a r a m e t e r s  g e n e r a t e d  by
the a d a p t i v e  l a t t i c e  a l g o r i t h m .  F i g u r e  10 s h o w s  the t a p
w e i g h t s  H in t h e  o r t h o g o n a l  b a s i s  {g (j)}. F i g u r e  11 s h o w sm
the k - p a r a m e t e r s  for t h e  l a t t i c e  f i l t e r s  and f i g u r e  12 s h o w s  
the a v e r a g e  b a c k w a r d  p r e d i c t i o n  e n e r g i e s ,  {£m } • The £m 's 
a r e  n o t  s t r i c t l y  m a n o t o n i c a l l y  d e c r e a s i n g  due to the 
o n e - p o l e  d i g i t a l  s m o o t h i n g .  The c o r r e s p o n d i n g  tap w e i g h t s  
in the r e f e r e n c e  s i g n a l  b a s i s  c a n  be o b t a i n e d  b y  m u l t i p l y i n g  
the H v e c t o r  by t h e  m a t r i x  w h i c h  t r a n s f o r m s  k - p a r a m e t e r s  
into the l i n e a r  p r e d i c t i o n  c o e f f i c i e n t s .  T h i s  m a t r i x  is 
d e f i n e d  in [12] and c a n  be g e n e r a t e d  by t h e  S T E P U P  p r o c e d u r e  
g i v e n  in [12]. F i g u r e  13 s h o w s  the t a p  w e i g h t s  o b t a i n e d  
from this t r a n s f o r m a t i o n .  E a c h  o f  t h e s e  p a r a m e t e r  sets w e r e  
r e c o r d e d  at t h e  end of  the 23.4 s e c o n d  n o i s e  o n l y  d a t a  
s e g m e n t  using the 3 . 3 %  m i s a d j u s t m e n t  s t e p  size. N o t e  th a t  




( d i ffering p r i m a r i l y  due to tap w e i g h t  n o i s e ) .  This is to 
be e x p e c t e d  s i n c e  t h e y  b o t h  r e p r e s e n t  e s t i m a t e s  o f  the 
W i e n e r  fi l t e r  in the s a m e  ba s i s .
VIII. C O N C L U S I O N S
A. C o m p a r  ison of M e t h o d s
In t e r m s  o f  n o i s e  p ower r e d u c t i o n  and a m o u n t  of  echo 
p r e s e n t ,  b o t h  a p p r o a c h e s  c a n  be a d j u s t e d  to g i v e  e q u i v a l e n t  
r e s u l t s .  Using s t e p  s i z e s  c o r r e s p o n d i n g  to a p p r o x i m a t e l y  5% 
and 3 . 3 %  m i s a d j u s t m e n t s , e a c h  a l g o r i t h m  c o n v e r g e s  (noise 
p o w e r  down 20dB) a f t e r  20 s e c o n d s  o f  p r o c e s s i n g ,  w i t h  a j u s t  
n o t i c e a b l e  a m o u n t  of  e c ho. The a d a p t a t i o n  r a t e s  are not 
s i g n i f i c a n t l y  d i f f e r e n t .  T h e s e  e q u i v a l e n t  r e s u l t s  b e t w e e n  
the two m e t h o d s  is to be e x p e c t e d  s i nce t h e  r e f e r e n c e  si g n a l  
is just w h i t e  no i s e ,  c o l o r e d  by  t h e  r o o m ' s  a c o u s t i c s .  The 
a v e r a g e d  b a c k w a r d  p r e d i c t i o n  e r r o r  e n e r g i e s  and the 
k - p a r a m e t e r s  are n e a r l y  c o n s t a n t  a f t e r  the f i r s t  o n e  h u n d r e d  
v a l u e s .  T h u s  for this e n v i r o n m e n t ,  t h e  n o r m a l i z a t i o n  
o f f e r e d  b y  t h e  g r a d i e n t  l a t t i c e  o f f e r s  l i t t l e  a d v a n t a g e  o v e r  
LMS. For e n v i r o n m e n t s  w i t h  a l a r g e  r a t i o  b e t w e e n  the 
s m a l l e s t  to l a r g e s t  e i g e n v a l u e ,  the g r a d i e n t  l a t t i c e  m e t h o d  
has been s h o w n  to c o n v e r g e  f a s t e r  [9].
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T h e  c o m p u t a t i o n a l  p r i c e  payed for the o r t h o g o n a l i z a t i o n  
and n o r m a l i z a t i o n  is h i g h  c o m p a r e d  to the LMS a p p r o a c h .  The 
LMS r e q u i r e s  2N m u l t i p l y - a d d s  per s a m p l e  w h i l e  t h e  g r a d i e n t  
l a t t i c e  r e q u i r e s  ION m u l t i p l i e s ,  6N a d d s ,  and 2N d i v i d e s  per 
p o i n t .  For f i f t e e n  h u n d r e d  tap w e i g h t s  at a s a m p l i n g  rate 
of 6 . 6 7  kHz, LMS r e q u i r e s  20 m i l l i o n  m u l t i p i y - a d d s  per 
s e c o n d  and g r a d i e n t  l a t t i c e  r e q u i r e s  at l e a s t  120 m i l l i o n  
m u l t i p l y - a d d s  per s e c o n d  to p r o c e s s  this d a t a  in real time. 
The e n o r m o u s  c o m p u t a t i o n  r e q u i r e m e n t  n e c e s s i t a t e d  
i m p l e m e n t i n g  b o t h  a l g o r i t h m s  o n  an FPS 1 20-B a r r a y  
p r o c e s s e r .  T h e s e  m i c r o - c o d e d  i m p l e m e n t a t i o n s  r e s u l t e d  in a 
30 to 1 s p e e d - u p  o v e r  that a c h i e v a b l e  on a c o n v e n t i o n a l  
g e n e r a l  p u r p o s e  D E C - 1 0  p r o c e s s o r .  B o t h  a l g o r i t h m s  o f . c o u r s e  
s t i l l  did not run in r e a l - t i m e  but w e r e  p r o c e s s e d  in a 
n o n - r e a l  time d i s k  to d i s k  c o n f i g u r a t i o n .
In a d d i t i o n  t h e  g r a d i e n t  l a t t i c e  m e t h o d  has the
d i s a d v a n t a g e  t h a t  it r e q u i r e s  an e s t i m a t e  of the a v e r a g e
b a c k w a r d  p r e d i c t i o n  e r r o r  e n e r g y .  For th i s  i m p l e m e n t a t i o n
t h e s e  e s t i m a t e s  w e r e  o b t a i n e d  by  s m o o t h i n g  the s q u a r e d
b a c k w a r d  p r e d i c t i o n  v a l u e s  t h r o u g h  a s i n g l e  p o l e  filter.
For n o n s t a t i o n a r y  r e f e r e n c e  s i g n a l s  w i t h  a l a r g e  d y n a m i c
range, this s m o o t h i n g  a p p r o a c h  m a y  be u n a b l e  to t r a c k  t h e




f i l t e r .
B. S u m m a r y
T h i s  p a p e r  a d d r e s s e d  the p r o b l e m  of r e d u c i n g  the 
a c o u s t i c  n o i s e  a d d e d  to s p e e c h  b y  s u b t r a c t i n g  o f f  an 
a d a p t i v e l y  f i l t e r e d  second c o r r e l a t e d  n o i s e  s o u r c e .  Two 
a d a p t i v e  a l g o r i t h m s  we r e  d e v e l o p e d  and t h e i r  p e r f o r m a n c e  
c h a r a c t e r i s t i c s  m e a s u r e d  using an a c o u s t i c  si g n a l  in w h i c h  
the n o i s e  p o w e r  was equal or g r e a t e r  t h a n  the s p e e c h  p o w e r .  
In b o t h  a p p r o a c h e s  it was s h o w n  that s i g n i f i c a n t  n o i s e  
r e d u c t i o n  is p o s s i b l e  w i t h  m i n i m a l  d i s t o r t i o n  to the s p e e c h  
w a v e f o r m .  .
In s u m m a r y ,  t h o u g h  t h i s  t w o - m i c r o p h o n e  a p p r o a c h  to 
n o i s e  s u p p r e s s i o n  r e q u i r e s  a s e c o n d  si g n a l  and c o n s i d e r a b l e  
c o m p u t a t i o n ,  it o f f e r s  a p o t e n t i a l l y  p o w e r f u l  a l t e r n a t i v e  
a p p r o a c h  for s p e e c h  e n h a n c e m e n t  in s e v e r e  n o i s e  
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APPROACHES TOWARDS A LINEAR NARROW BAND DIGITAL  
VOICE ANALYSIS/SYNTHESIS  ALGORITHM
H. Rav ind ra 
Abstract
Certain  key ideas  towards the development of  a l in e a r  
narrow band d i g i t a l  voice  a n a l y s i s / s y n t h e s i s  algorithm which  
can be used in mult iple  talker  and conferencing  
environments ,  are presented .  The use of  a r t i c u l a t i o n  rate  
change ,  s ignal  extrapolat ion  (analyt ic  continuation )  and 2-D 
AGC te chniq ues  in combination is d i s c u s s e d ,  problems  
hi gh l ig h te d  and current  results  presented in some of the 
a re a s .  This approach does not parameterize  speech as most  
narrow band vocoder algorithms do,  but uses data compression  
ideas on the speech waveform which lends it the property of  
l i n e a r i t y  which makes it s u i t a b le  for use in conferencing  
and multipi  e-talker environments .  A ls o ,  such a system is 
expected to degrade  g r a c e f u l l y  with noi se .
*
- 52 -
I .  I n t r o d u c t i o n
Vocoder algorithms  which operate at rates  of  2 . 4  to 4 . 8  
k i l o b i t s / s e c .  are considered narrowband.  These vocoders  
such as LPC vocoder ,  channel vocoder,  e tc .  parameterize the  
speech s i g n a l ,  attempting to extract  the parameters in such  
a way that a good f i t  of  the output of  the model to the  
actual  s ignal  is o bta in ed .  The presence of noise  in the  
speech s ignal  leads  to great  d i f f i c u l t y  in extracting  
ex a c t ly  the parameters of  the model .  Thus ,  these vocoders  
degrade d r a s t i c a l l y  with increased noise l e v e l .  A lso ,  they  
are not l in e a r  because of the parameterizat ion  and hence  
cannot be used in conferencing environments.
This  note presents  several  ideas which in combination  
point to the p o s s i b i l i t y  of  developing of  a l i n e a r ,  narrow  
band voice a n a l y s i s / s y n t h e s i s  algorithm which possesses  a 
gr aceful  degradation  c ha r a c t e r is t ic  with n o i s e .  Because of  
l i n e a r i t y ,  the algorithm s a t i s f i e s  the sup erposit ion  
p r i n c i p l e  and hence can be used in conferencing  
env i ronments.
The approach considered co n si st s  of  the following  
s t e ps .  The speech s ignal  is band limited and transformed  
intd! the short time Fourier domain.  Two-dimensional  
automatic ga in  control  (2-D AGC) is then appl ied  which  
res ult s  in a modified speech s ignal  in the time domain.  The 
number of  b i t s  required to quantize  each sample of this
- 53 -
signal  has been shown by Mike Cal lahan [1] to be less  than  
h a l f  of what is required by log PCM techn iq ue s ,  for the same 
q ua nti zat ion  noise l e v e l s .  In a d d i t i o n ,  the instantaneous  
phase and center  frequency of  each channel in the short time 
Fourier  domain are scaled by a factor  less  than unity  which  
leads  to a reduction in the bandwidth occupied by the  
resulting  s i g n a l .  Hence,  th is  s ignal  requires  a lower  
sampling rate .  The f inal  s ignal  in the time domain is 
div ided  into short segments and only  one in every few (2 or 
3) segments is transmitted .  At the r e c e i v e r ,  s ignal  
e xt ra pol at i on  techniques  are applied to recover the segments  
which were not trans mitt ed ,  using the segments tr ansmitted .  
Then,  the f i r s t  two processes  are inverted to re al i ze  a 
signa l  which is a c lose  approximation to the o r i g i n a l .  
Since  no parameter ext raction  is involved and since  the  
coder is of  the waveform type ,  the algorithm wil l  be l in e a r  
and wil l  ex h ib it  graceful  degradation  w i t h . n o i s e .
The technique  for a r t i c u l a t i o n  rate change and the
problems involved are d iscussed  in Sect ion  I I .  In sect ion
I I I ,  s ignal  extra pol at i on  techniques  are d i s c u s s e d .  Sect ion
IV b r i e f l y  summarizes the results  of  Cal lahan  with the 2-D
AGC experiments.  Problems which require  further research




I I .  A r t i c u l a t i o n  Rate Change Techniques
T h e o r y :
The speech s ignal  is analysed into several  bands in the  
frequency domain using a Short-Time Fourier  analyzer  or a 
Constant-Q a n a l y z e r .  The instantaneous  phase and center  
frequency o f  each channel  are both scaled by the same factor  
and a time domain s ignal  is synthesized  from the re sult ing  
channel  s i g n a l s .  The process de f in ed  by these steps leads  
to the scaling  of the bandwidth of  the synthesized  signal  by 
a factor  equal to that used to scale  the phase and center  
fr e q u e n c ie s .  To be used as a bandwidth compression  
t e c hn iq u e ,  a scale  factor less  than unity should be used at 
the sender and the reciprocal  of  that factor  at the  
r e c e i v e r .  Some of  the fundamental l i m i t a t i o n s  and other  
problems associated with this  approach to bandwidth scaling  
are discussed below.
The procedure involves d iv id i n g  a speech s ignal  into  
several  bandpass s ig n a ls  using any of  the ana ly sis  
te chn iq ue s .  The s ignal  in the nth band,  r can be
modeled as a s imultaneously  amplitude and angle  modulated  
wave (AAM) as below.
' fpU) = qnU) Cos (“n4 + ^(t))
* ■ 
w h e r e :
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$ (t) is the phase s ignal  in the nth channel and 
is the center frequency of  the nth channel .  The complete  
s i g n a l ,  f ( t )  is given by 
N-l
f ( t )  = I f (t) where N is the number of channels ,  nn=o
Kahn and Thomas [2] have studied the bandwidth  
properties  o f  such s ig n a l s  and they have derived the 
fol lowing  equation  for the instantaneous  bandwidth of  the 
AAM wave:
(t) is the magnitude s ignal  in the nth channel .
ft*
n
where is  the second moment bandwidth o f  the s ignal  in
n
the nth channel .
is the second moment bandwidth of  the magnitude
^n
signal  in the nth c h a n n e l . ■
qn (t) is the magnitude s ignal  in the nth cha nn el .
<f>n (t) is the d e r iv a t iv e  of the phase s ignal  in the nth
c h a n n e l .
*
=
11. 11 is the norm of the vector in the function space .
Second moment bandwidth of  a s ignal  f ( t )  is def ined  as 
1 ' Ensemble averages are used forf
non-determ i n i s t i c  s i g n a l s .  It  is  c lear  from the above
- 56 -
e xp ression  that scal ing <J>n(t ) leads  to scaling of the quantity
. But the amount by which is scaled depends on the
n n
re la t i v e  energies  in the magnitude and phase s i g n a l s .
L i n e a r i t y  results  only when = 0 ,  which in general  is not
tr ue .  So,  this  non-linearity  re s ul ts  in incorrect  scal ing
of the bandwidths of  the channel s ig n a l s  which can lead to
frequency a l i a s i n g  on bandwidth compression and
reverber ati on  on expansion .  This  we wi l l  c al l  the
"Kahn-Thomas e f f e c t ” . Thus ,  it  is not only necessary  to
scale  the phase s ignal  but also scale  the bandwidth of  the
magnitude s ignal  in each channel .  The approach considered
in th is  research is to apply the bandwidth compression
process def ined  above re cur si ve ly  to each channel magnitude
s i g n a l .  That i s ,  each channel  magnitude s ignal  is further
analysed into subchannels ,  each subchannel co nsist ing  of a
magnitude and phase s i g n a l .  Scaling  the phase of  the
subchannels  leads  to the scaling  of the magnitude s ig n a ls  at
the next h igher  l e v e l .  This  idea can be carried further
down by analyz ing  the subchannel magnitude s ig n a ls  further
into narrower channels and scal ing the phase at th is  l e v e l .
Of course ,  the depth of  recursion  is  l imited by the
d i f f i c u l t y  in the implementation of  the ana ly sis  f i l t e r s .
A fundamental l im i t at io n  a r i s e s  when th is  type of  
bandwidth compression is attempted.  The technique described  
attempts to d iscard  redundant information in speech ,  l ik e  
extra pitch pe r io d s .  Since speech is only  a 
qua si-stationary  s i g n a l ,  using a large  scale  factor it
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causes  exces siv e  loss  of  information in each assumed 
sta t i o n a ry  sect ion  of  the s i g n a l .  On subsequent expansion ,  
the lost information is not recovered.  This type of  
d i s t o r t i o n  is  perceived as loss  of  voicing  in voiced  
sections  of  speech .
Implementation and R e s u l t s :
Three d i f f e r e n t  ana ly s is  techniques  were used to 
implement the rate change.  In each case ,  the bandwidth of  a 
speech s ignal  was compressed and re-expanded and the  
re sult ing  speech compared with the o r i g i n a l .  The three  
schemes are described  below.
(a) Using a Constant-Q Analy ze r :
A Constant-Q f i l t e r  bank was used in this  scheme. A 
Constant-Q analyzer has a frequency re solution  which  
decreases  with increasing frequencies  somewhat s imilar  to 
the resolut ion  properties  o f  the e ar ,  whereas a. short-time  
Fourier  analyzer  has constant  frequency r e s o l u t io n .  The  
d i s t o r t i o n s  were severe for compression factors  greater  than  
2. Also a s ignal  dependent background noise was observed in 
the processed s ignal  which can be attr ibuted  to the  
Kahn-Thomas e f f e c t .  Using the recursive  approach described  
on ' the channel magnitude s i g n a l s ,  with a recursion  depth of  
two,  it was found that the s ignal  dependent noise  was 
reduced but the d i s t o r t i o n s  due to the fundamental  
l im i t a t io n  noted above s t i l l  p r e v a i l e d .
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(b) Using a F i l t e r  Bank Made Up o f  Constant Bandwidth,
Sharp Cutoff  F i l t e r s .
The overlap  between adjacent  channels was reduced by 
using this  type of  f i l t e r  bank.  The basic  q ua l it y  of  
processed speech remained as in case (a) except for reduced  
background noi se .
(c) Using a Short Time Fourier  Analyzer
In th is  case a narrow band ana ly sis  system was used ,  
and e s s e n t i a l l y  s imilar  q ua l i t y  resul ts  were obtai ned .  
A p p l i c a t i o n  of the recursive  procedure described ea r l i er  to 
compensate for the Kahn-Thomas e f f e c t  is under study.
The experiments suggest that th is  technique can be 
used ,  without  introducing serious  degrad ati on  of  the s i g n a l ,  
with compression factors  le ss  than 2.
or Signal  Extrapolat ion
An a na ly t ic  s ignal  can be recovered completely g iven  
only a sect ion  of  the s i g n a l .  This problem can be 
char act er ize d  as fol lo ws .  Let and P^ be two subspaces
of  a parent H i l ber t  Space H. If  the project ion  of a s ignal  
feP^ , on the subspace Pa is g i v e n ,  then under c e rt ain  
c o n d i t i o n s ,  it  is possib le  to re al i ze  an inverse  operator by 
recursive  t e chn iq ue s .  With  this  ope rator ,  the s ignal  f can  
be recovered from its p r o j e c t i o n .  Papoul is  and Gerchberg  
[3] have independently proposed s imi lar  algorithms  based on 
the above formulation .  They attempt to obtain  the s ignal  f 
when P^ is  the subspace of a l l  s ig n a ls  band limited to a 
pa r t ic ul a r  frequency and P is the subspace of a ll  s ig na lscL
time l imited to a part ic ula r  time i n t e r v a l .  Youla [4] has 
shown that these are special  cases  of  a more general  problem 
of solving operator equations  in H i l ber t  spaces and has  
derived c e r t a i n  important co n cl u s io n s .  He shows that the  
problems of  Papoul is  and Gerchberg are not well  posed.  He 
shows and we have found that applying these algorithms to 
noisy data leads  to serious  noise  a m pl i f i c at io n  problems.  
Richard Frost [5] has modified the above to come up with a 
new algorithm which performs the ext ra polat ion  by small
*
amounts with each i t er at i on  and does not add back the  
d i s t o r t i o n  energy at each step  (Ger chberg1s algorithm does  
add back the d i s t o r t i o n  energy at each s t e p ) .  This makes  
the algorithm stable  in the presence of n o i s e .  He has
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applied  it to the restoration  of astronomical  image data and 
proved that it has better  convergence properties  in the  
presence of n o i s e .  Signal ext ra polat ion  is expected to be 
harder in the case of speech s ig na ls  as no assumptions can  
be made about the s ign  of the s ignal  being ext ra pol ate d .  
(This is always non-negative in the case of images. )
In speech a p p l i c a t i o n ,  the algorithm is used to recover  
the missing s ignal  segment between two successive  segments.  
So,  the problem can be characterized  as f o l l o ws :  The s ignal  
f belongs to the subspace of band limited fu nct ion s .  Its  
projec t io ns  onto two mutually orthogonal  subspaces are  
g i v e n .  These subspaces con sis t  of functions  limited over  
two d i f f e r e n t  intervals  of  time.  The problem is then to 
find  the proj ec t io n  of  f onto a th ird  subspace of functions  
which is orthogonal  to both the given  subspaces .  The two 
key iss ues  to be addressed are the s t a b i l i t y  of  
reconstruction  in the presence of  n o i s e ,  and convergence  
r at e .  Prel iminary  experiments with G e r c hb e r g ' s  algorithm  
seem to i n d ic a t e  that the segments of  the speech signal  must  
be very short  (much le ss  than a p itch  p e r i o d ) .  Currently ,  
other algorithms based on Richard F r o s t ' s  step by step  
ext r a po la t i o n  and the three orthogonal subspaces formulation  
derived  above are under study.
*
-  61 -
I V .  2-D AGC T e c h n iq u e s
Mike Cal lahan  [1] has developed a AGC technique to be 
applied  in the short-time Fourier domain.  E s s e n t i a l l y ,  he 
models the short-time Fourier Transform F(to,t) of  a speech  
signal  f ( t )  as the product of  an envelope function  E(co,t) 
and a v ibr ato ry  function  V(co,t) and notes that E is s lowly  
varying and p o s i t i v e ,  and V is  fast  varying and complex.
T h e n ,
log [F ( co,t) ] % log|E(oj ,t )|  + log I V (uj.,t) I + j arg[V(co,t)]  
So,  passing I log F(co,t) | through a high  pass f i l t e r  with a 
low pass g a i n  of  p<l and then undoing the e f f e c t  of  the  
logarithm leads to a Short-time Fourier transform given by 
E^V.  The time s ignal  synthesized from E^V is the or ig in al  
signal  with i ts  dynamic range compressed.  Cal lahan has  
shown that th is  s ignal  can be quantized  with 2 to 3 
bits /sa mpl e  to achieve  the same s i g n a l / q u a n t i z a t i o n  noise  
rat io  as with or dinary  8-bit PCM t e c hni qu es .
This  technique can be applied to achieve  reduced b it  
rate requirements per sample of speech s ignal  independent of  
the techniques  described  in the previous  sec t ions  which  
attempt to reduce the e f f e c t i v e  sampling rate .  Hence it may 
be poss ibl e  to use the compression ideas described  in tandem 
to achieve  low b i t  rates .
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V .  Future  Work
In the area of a r t i c u l a t i o n  rate change,  the e f f e c t  of  
recursive  cor rec tio n  for the Kahn-Thomas e f f e c t ,  when using  
Short-Time Fourier a n a l y s i s ,  is to be st ud ie d .
Work needs to be done in the area of s ignal  
e xt ra pol at i on  to study the performance of var ious  e x i st i ng  
algorithms  when applied to speech and develop m o d i f i c a t i o n s .  
More research needs to be done to develop  new algorithms to 
suit  the speech a p p l i c a t i o n .  The a pp l ic at io n  of e x i s t i n g  
one step  ext r a po l a t i o n  procedures to speech reconstruction  
is to be stud ied .
In a l l  the c ase s ,  work is required to better  condit ion  
the problem in the presence of noise  even at the cost of  
imp erfect ,  but acc e p ta bl e ,  reconstruction  of noise  free  
s i g n a l s .
*
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